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Measuring response to chemotherapy is a backbone of the clinical management of pa- 
tients with acute leukemia. This task has historically relied on the ability to identify leuke- 
mic cells among normal bone marrow cells by their morphology. However, more accurate 
ways to identify leukemic cells have been developed, which allow their detection even 
when they are present in small numbers that would be impossible to be recognized by 
microscopic inspection. The levels of such minimal residual disease (MRD) are now wide- 
ly used as parameters for risk assignment in acute lymphoblastic leukemia (ALL) and in- 
creasingly so in acute myeloid leukemia (AML). However, different MRD monitoring 
methods may produce discrepant results. Moreover, results of morphologic examination 
may be in stark contradiction to MRD measurements, thus creating confusion and compli- 
cating treatment decisions. This review focusses on the relation between results of differ- 
ent approaches to measure response to treatment and define relapse in childhood acute 
leukemia. 

Key Words Acute lymphoblastic leukemia, Acute myeloid leukemia, Flow cytometry, 
Polymerase chain reaction, Minimal residual disease, Remission 



INTRODUCTION 



In patients with acute leukemia, treatment decisions are 
based on the status of peripheral blood and bone marrow 
cellularity. This provides a measure of the efficacy of therapy 
and can reveal leukemia relapse. The reliability of morpho- 
logic examination of peripheral blood and bone marrow 
largely depends on the hematologist's expertise, and its sensi- 
tivity is fundamentally limited by the similarities in appear- 
ance between leukemic cells and normal lympho-hema- 
topoietic progenitors. Therefore, patients in complete mor- 
phologic remission may still have a large number of residual 
leukemic cells (potentially up to 10 ) [1]. 

The introduction of methods for minimal residual disease 
(MRD) detection has revolutionized monitoring of treatment 
response in acute leukemia. These methods can not only 
recognize leukemic cells by objective criteria, thus poten- 
tially improving the reliability of blood and marrow examina- 
tion, but they also allow the detection of leukemic cells 
well past the resolution of microscopic examination. The 
concept that patients with leukemia in morphologic re- 
mission could have measurable levels of MRD was first dem- 



onstrated in the early 80s [2], Since then, much data has 
been collected supporting this notion in both acute lympho- 
blastic leukemia (ALL) and acute myeloid leukemia (AML) 
[3-6]. 

During its initial phases of development, concerns were 
raised as to whether MRD monitoring could be clinically 
useful. The evidence accumulated in subsequent studies, 
however, overwhelmingly dispelled these concerns. The 
prognostic significance of MRD in childhood ALL was dem- 
onstrated in many studies involving newly diagnosed pa- 
tients, patients with first-relapse ALL, and those undergoing 
hematopoietic stem cell transplant [7-32]. There is also strong 
evidence pointing to the clinical significance of MRD in 
adult ALL [33-38]. Evidence has also accumulated in AML, 
with several studies reporting significant associations be- 
tween MRD and relapse [31, 39-53]. 

With the increasing availability of MRD assays, clinicians 
may find themselves in the awkward situation in which 
MRD results contradict morphologic findings, or two differ- 
ent MRD assays produce discordant results. This creates un- 
certainty regarding the best treatment approach to offer, 
and can be a source of considerable anxiety for patients 
and parents. 



CftXsXS) 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativeconmions.Org/licenses/by-nc/3.0) 
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 



246 



Dario Campana and Elaine Coustan-Smith 



1. Measurements of treatment response in ALL 

The proven theory behind all MRD assays is that leukemic 
cells express molecular features that are not expressed by 
normal lympho-hematopoietic cells. One of the distinctive 
features of ALL cells is the clonal rearrangement of the 
genes encoding immunoglobulin (IG) and T-cell receptor 
(TCR) proteins [4]. The standard process for using these 
rearrangements for MRD monitoring is to identify them 
in each patient at diagnosis, determine their unique sequence, 
synthesize specific primers for a polymerase chain reaction 
(PCR), optimize the PCR assay, and then apply the assay 
to follow-up samples [4]. Approximately 90% of childhood 
ALL cases will have suitable rearrangements for MRD mon- 
itoring [54]. We found that 475 of 539 (88.1%) cases of 
newly diagnosed B-lineage ALL had rearrangements suffi- 
ciently diverse for monitoring of MRD with a sensitivity 
of at least 0.001% [21]. Although the test is accurate and 
sensitive (it allows the routine detection of one leukemic 
cell in 10,000 to 100,000 normal cells), the complexity of 
its set-up typically prevents its application during the very 
early phases of therapy (e.g., day 8, day 15). Leukemic lym- 
phoblasts can also be recognized by the presence of chromo- 
somal abnormalities and their resulting gene fusions and 
transcripts, such as BCR-ABL1, MLL-AFF1, TCF3-PBX1, and 
ETV6-RUNX1 [4]. The most recurrent abnormalities are 
found in about one-third or less of patients and allow the 
detection of one leukemic cell in 1,000 to 100,000 normal 
bone marrow cells by PCR [4]. Finally, ALL cells can be 
recognized by virtue of unique cell markers combinations 
visualized with monoclonal antibodies and flow cytometry 
[55]. Current instruments allow the detection of 6 or more 
markers providing a comprehensive description of the leuke- 
mic cell phenotype which facilitates their identification 
(Table 1). Virtually every case of ALL expresses several abnor- 
mal cell marker profiles, affording a sensitivity of detection 
of 1 leukemic cell in 10,000 normal cells [55]. In the St 
Jude Total XV study, MRD could be monitored by flow 
cytometry with a 0.01% sensitivity in 482 of 492 patients 
(98%) [56]. 

MRD assays can identify leukemic cells in many samples 
where these cannot be detected by morphology. For example, 
in a study performed with 248 bone marrow samples col- 



lected after 2 weeks of remission induction therapy from 
children with newly diagnosed ALL, we found that only 
32 (12.9%) had leukemic lymphoblasts identifiable by mor- 
phologic analysis and all of these had at least 0.01% cells 
expressing leukemia-specific immunophenotypes [12]. How- 
ever, among the 216 samples without leukemic lymphoblasts 
recognizable by their morphologic features, 102 (47.2%) had 
leukemic lymphoblasts detectable by flow cytometry, rang- 
ing from 0.01% to 16% (median, 0.1%) [12]. It should be 
noted that in 2 samples with 9% and 16% leukemic cells 
on flow cytometry, the morphologic analysis revealed only 
apparently mature normal lymphocytes (9% and 45%, re- 
spectively) [12]. In the St Jude Total XV study, 100 of 492 
(20.3%) samples studied at the end of remission induction 
therapy (day 43), had leukemic lymphoblasts detectable by 
flow cytometry [56]. In sum, it is clear that a considerable 
fraction of "remission" samples collected during treatment 
for childhood ALL are MRD-positive, with a prevalence 
of MRD being higher during the early phases of therapy 
and progressively decreasing thereafter. 

Bone marrow samples collected after a temporary stop 
in chemotherapy, after the end of treatment, or after hema- 
topoietic stem cell transplantation may contain a high pro- 
portion of recovering immature lymphoid cells whose mor- 
phology resembles that of ALL lymphoblasts ("hematogo- 
nes") [57-60]. Therefore, morphologic assessment of these 
samples is difficult and may result in erroneous conclusions; 
the application of MRD assays can clarify the identity of 
the morphologically ambiguous cells. Among MRD methods, 
flow cytometry is the one that is most affected by the state 
of bone marrow recovery [61]. In this regard, it is critical 
that flow cytometric analysis of MRD relies on markers 
that truly distinguish ALL cells from normal cells, including 
lymphoid progenitors; otherwise, the risk of false-positive 
MRD results is high. In fact, the samples studied at the 
end of remission induction therapy in the St Jude Total 
Studies were particularly rich in hematogones, as they were 
collected on day 43-46 of therapy, approximately two weeks 
after completion of remission induction therapy; despite their 
high concentration of hematogones, MRD measurements 
could be performed reliably and were strongly correlated 
with clinical outcome [9, 11, 56]. 



Table 1 . Antibody and fluorochrome combinations currently used in our laboratory for MRD monitoring in B-lineage ALL by flow cytometry. 3 ' 
FITC PE PerCP APC PE-Cy7 APC-H7 BV421orv450 



CD38 


CD58 


CD34 


CD19 


CD10 


CD45 


CD73 


CD44 


CD200 


CD34 


CD19 


CD10 


CD45 


CD24 


CD66c 


CD123 


CD34 


CD19 


CD10 


CD45 


CD86 


CD72 


CD33 


CD34 


CD19 


CD10 


CD45 


CD13 


CD79b 


Hsp27 


CD34 


CD19 


CD10 


CD45 


Bcl2 


Isotype control 


Isotype control 


CD34 


CD19 


CD10 


CD45 


Isotype control 



a Using the markers listed in this table, a leukemia-associated signature can be identified in virtually all cases of B-lineage ALL at diagnosis. For 
the few remaining cases, additional markers that can be tested include CD1 33, CD1 5, anti-NG2, CD1 64, CD304, CD97, CD1 02, CD99, and 
CD300a [80]. 

Abbreviations: FITC, Fluorescein Isothiocyanate; PE, R-Phycoerythrin; PerCP, Peridinin Chlorophyll Protein; APC, Allophycocyanin; PE-Cy7, 
Phycoerythrin-Cyanine 7; APC-H7, Allophycocyanin-Cyanine 7 analog; BV421, Brilliant Violet 421; v450, BD Horizon v450. 
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Table 2. Prevalence of MRD positivity at the end of remission induction therapy in patients with newly diagnosed childhood ALL enrolled in 
different treatment protocols. 



Study 


i ype Ul ALL 

studied 


Day of MRD 
measurement 
post-diagnosis 


ft 
No. ot pts. 

studied 


IMU. Ul 

MRD+ pts. 


% 


MRD assay 


COG P9904-6 [1 7] 


B-lineage 


29 


1971 


383 


19.4 


Flow cytometry 


St. Jude Total XV [56] a) 


B- and T-lineage 


43-46 


492 


100 


20.3 


Flow cytometry and ASO-PCR 


DFCI ALL Consortium 95-01 [16] 


B-lineage 


30 


284 


67 


23.6 


ASO-PCR 


Austrian ALL BFM-95 [15] 


B- and T-lineage 


33 


105 


43 


41 .0 


Flow cytometry 


EORTC 58881 [8] 


B-and T-lineage 


35 


100 


42 


42.0 


ASO-PCR 


UKALL 2003 [65] 


B-lineage 


28 


91 


44 


48.4 


Flow cytometry and ASO-PCR 


Ma-Spore 2003 [74] 


B- and T-lineage 


33 


420 


218 


51.9 


ASO-PCR 


AIEOP-BFM ALL 2000 [20] 


B-lineage 


33 


3176 


1777 


56.0 


ASO-PCR 


NOPHO ALL-92 [14] 


B- and T-lineage 


29 


100 


60 


60.0 


ASO-PCR 


AIEOP-BFM ALL 2000 [91] 


T-lineage 


33 


462 


386 


83.5 


ASO-PCR 



a Treatment intensification for patients with MRD S1% on day 19. On the preceding Total XIII study, 42 of 165 patients studied were 
MRD-positive on day 46 [12]. 

Abbreviations: COG, Children's Oncology Group; St. Jude, St. Jude Children's Research Hospital; DFCI, Dana-Farber Cancer Institute; BFM, 
Berlin-Frankfurt-Munster; EORTC, European Organization for Research and Treatment of Cancer; UKALL, United Kingdom Medical Research 
Council acute lymphoblastic leukaemia; Ma-Spore, Malaysia-Singapore Acute Lymphoblastic Leukemia Study; AIEOP-BFM, Associazione 
Italiana di Ematologia Oncologia Pediatrica and the Berlin-Frankfurt-Munster; NOPHO, the Nordic Society of Pediatric Haematology and 
Oncology. 

I I 



To determine the relation between results by flow cy- 
tometry and by PCR amplification of IG and TCR genes, 
we measured MRD using the assays in tandem in 1375 sam- 
ples obtained from 227 patients with B-lineage ALL. By 
both assays, MRD was <0.01% in 1200, and >0.01% in 
129 with an excellent correlation between the results of 
the two methods [62]. Of the remaining 46 samples, 28 
had MRD >0.01% by flow cytometry but <0.01% by PCR. 
However, PCR was positive in 26 of these 28 samples at 
levels lower than 0.01%. Conversely, in 18 additional sam- 
ples, MRD was >0.01% by PCR and <0.01% by flow cy- 
tometry but flow cytometry detected ALL cells in 8 of the 
9 samples where a sensitivity of 0.001% could be achieved 
[62]. Thus, the results of the two methods were highly con- 
cordant overall. Kerst et al. analysed 105 samples from 30 
patients with ALL and also found highly concordant results 
[63]. Malec et al. reported a study of 71 samples from 22 
patients with ALL in which concordant results between flow 
cytometry and PCR were found in 89% of samples if the 
cutoff level of 0.01% to define MRD -positivity was applied 
[64]. However, there were significant differences in MRD 
level estimates in some samples, most likely due to technical 
shortcomings. Irving et al. studied MRD by flow cytometry 
and PCR in samples collected from 134 patients enrolled 
in the UKALL 2003 trial on day 28 (end of remission in- 
duction) and week 11 (completion of consolidation) [65]. 
Overall, 90 samples were MRD <0.01% and 25 were MRD 
^0.01% by both methods. Most of the 19 discordant samples 
were around the threshold level and MRD was detectable 
by both techniques in 8 [65]. With the improvement in 
methodologies, the concordance between MRD assays should 
improve [66]. 

Conclusive studies on the relation between PCR detection 
of fusion transcripts and other MRD assays in ALL are lacking. 



To this end, Metzler et al. compared MRD results of PCR 
amplification of ETV6-RUNX1 fusion transcripts and of anti- 
gen-receptor gene rearrangements in 12 patients with 
t(12;21) ALL and found concordance of results in 10, while 
in 2 patients ETV6-RUNX1 persisted while MRD was neg- 
ative by IG/TCR; these patients were in complete remission 
at the time of the report [67]. Zaliova et al. performed a 
similar study but targeting BCR-ABL1 transcripts in 218 
samples from 17 children with Philadelphia chromosome - 
positive ALL and found a poor correlation with IG/TCR 
studies: 20% of the samples studied were positive for the 
fusion transcript but negative by IG/TCR gene rearrange- 
ments [68]. 

It should be noted that the proportion of MRD-positive 
samples at any given time point during the course of treat- 
ment for children with ALL is highly dependent on the 
preceding therapy and hence varies widely among different 
studies. As shown in Table 2, patients with newly diagnosed 
ALL studied at the end of remission induction therapy had 
a prevalence of MRD positivity (^0.01%) ranging from 
19.4% to 83.5% in studies from different groups. Conse- 
quently, the interpretation of the clinical significance of 
MRD results needs to be considered in the context of each 
treatment regimen. 

2. Measurements of treatment response in AML 

The targets most frequendy used to monitor MRD in AML 
are transcripts originating from gene fusions, mutations, or 
overexpression, and leukemia-associated immunopheno- 
types [5, 6]. Rearrangements of IG and TCR genes are in- 
frequent in AML [69]. Gene transcripts amenable to routine 
monitoring by PCR in childhood AML include RUNX1- 
RUNX1T1, CBFB-MYH11 and MZZ-containing transcripts 
(in addition to PML-RARA in acute promyelocytic leuke- 
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Table 3. Antibody and fluorochrome combinations currently used in our laboratory for MRD monitoring in AML by flow cytometry.' 



FITC 


PE 


PerCP 


APC 


PE-Cy7 


APC-H7 


BV421 


BV51 0 or v500 


CD13 


CD133 


CD34 


CD117 


CD33 


CD45 


CD38 


Anti HLA-Dr 


CD15 


CD56 


CD34 


CD117 


CD33 


CD45 


CD19 


CD4 


CD7 


Anti-NG2 


CD34 


CD117 


CD33 


CD45 


CD11b 


Anti-HLA-Dr 


Isotype Control 


Isotype Control 


CD34 


CD117 


CD33 


CD45 


Isotype control 


Isotype control 



The FITC, PE, BV421 and V500/BV510 antibody conjugates can be changed between tubes for the final MRD combinations according to the 
abnormal patterns defined at diagnosis. In addition, CD41 may be useful in some cases of AML M7. 

Abbreviations: FITC, Fluorescein Isothiocyanate; PE, R-Phycoerythrin; PerCP, Peridinin Chlorophyll Protein; APC, Allophycocyanin; PE-Cy7, 
Phycoerythrin-Cyanine 7; APC-H7, Allophycocyanin-Cyanine 7 analog; BV421, Brilliant Violet 421; BV510, Brilliant Violet 510; v500, BD 
Horizon v500. 




<5 5-15 >15 No Uncertain Yes 



Blasts (%) Blasts 

Fig. 1 . Relation between morphologic and flow cytometric detection of residual disease during and after treatment in childhood AML. (A) Percentage 
of bone marrow mononucleated cells expressing leukemia-associated immunophenotypes as measured by flow cytometry within groups defined 
by the percentage of myeloblasts counted by morphology. Gray area corresponds to measurements below the 0.1% threshold used to define MRD 
positivity. (B) Flow cytometric MRD data within groups defined by the hemopathologists' judgement regarding the presence of leukemic 
myeloblasts. From Inabaef al. [73] with permission. 



mia); these allow monitoring of MRD in approximately 
one-third of patients, with a sensitivity of one in 10,000 
or higher [5]. NPM1 mutations and .FZ 7I?-internal tandem 
duplications have been described in approximately 8% and 
15% of children with AML and can be a target for MRD 
studies by PCR [70, 71]. Leukemia-associated immuno- 
phenotypes can also be identified in most patients (200 of 
210 patients enrolled in the AML02 study), although in ap- 
proximately 40% of patients the routine sensitivity that can 
be achieved is not higher than one in 1,000 due to a partial 
overlap between the phenotype of leukemic cells and those 
of normal myeloid progenitor cells [49, 72]. Some of the 
marker combinations currently used in our laboratory are 
shown in Table 3. 

In AML, response to initial treatment dictates the intensity 
of subsequent therapy and identifies candidates for allogeneic 
stem cell transplantation. Because of the increasing avail- 
ability of MRD monitoring, the clinical usefulness of mor- 
phologic assessment of treatment response is now ques- 
tionable. To address this issue, we recently analyzed the 
results of flow cytometric monitoring of MRD in 1,514 bone 



marrow samples obtained from 203 children and adolescents 
with newly diagnosed AML enrolled in the St Jude AML02 
study during and after completion of therapy [73]. Of the 
1,514 bone marrow samples studied, 202 (13.3%) had MRD 
>0.1% by flow cytometry. Data on cell morphology was 
available in 1,382 (91.3%) of the 1,514 samples. MRD was 
positive in 28 of the 38 (73.7%) samples with > 15% myelo- 
blasts, 43 of the 129 (33.3%) with 5-15% myeloblast, and 
in 100 of the 1,215 (8.2%) samples with <5% myeloblasts 
(Fig. 1). Therefore, a considerable number of samples with 
no morphologic evidence of disease contained leukemic cells, 
while some samples appearing to contain myeloblasts lacked 
detectable leukemic cells by flow cytometry. Flow cytometric 
measurements of MRD after Induction I or II were strongly 
associated with event-free survival [73]. Importantly, the 
percentage of myeloblasts by morphology did not affect the 
relation between MRD by flow cytometry and treatment 
outcome; by contrast, MRD measured by flow cytometry 
was a significant predictor of relapse regardless of the mor- 
phologic results (Fig. 2) [73]. 

The relation between MRD results obtained by flow cy- 



Korean J Hematol 2012;47:245-54. 



MRD monitoring in childhood leukemia 



249 



1.0 



0.8 



J? 0.6 



-Q 
O 

£ 0.4 



0.2 
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<5% blasts (N=97) 


P=0.69 





3 4 5 6 
Years on study 




MRD<0.1% (N=97) 



MRD0.1<1% (N=15) 



MRD>1% (N=12) 



3 4 5 6 
Years on study 




<5% blasts (N=27) 



>5% blasts (N=45) 




MRD<0.1% (N=28) 



MRD 0.1<1% (N=8) 



i_ , MRD>1% (N=37) 



3 4 5 6 
Years on study 



0 1 2 3 4 5 6 7 
Years on study 



Fig. 2. Relation between event-free survival (EFS) for patients with childhood AML according to flow cytometry and morphology after Induction I. 
(A) EFS of patients who were MRD-negative (< 0.1%) by flow cytometry according to percentage of blasts by morphology. (B) EFS of patients who 
were MRD-positive (>0.1%) by flow cytometry according to percentage of blasts by morphology. (C) EFS of patients with <5% blasts by 
morphology according to MRD levels by flow cytometry. (D) EFS of patients with S5% blasts by morphology according to MRD levels by flow 
cytometry. From Inaba etal. [73] with permission. 



tometry and those obtained by PCR amplification of fusion 
transcripts is unclear. Of the 203 patients enrolled in the 
study, 80 had RUNX1-RUNX1T1, CBFB-MYH1 1, RBM15- 
MKL1, or AfZZ-containing fusion transcripts [73]. Of the 
311 follow-up samples classified as MRD-negative by PCR, 
308 (99.0%) were also MRD-negative by flow cytometry. 
However, only 19 of the 197 (9.6%) MRD-positive samples 
by PCR were also MRD-positive by flow cytometry, with 
RUNX1-RUNX1T1 and CBFB-MYH11 accounting for most 
discrepancies [73]. MRD measurements by PCR were not 
significantly related to outcome either by using the 0.1% 
cut-off level used for flow cytometry or by using a lower 
0.01% cut-off level [73]. Moreover, PCR testing did not 
identify patients with a worse outcome among those who 
were MRD-negative by flow cytometry. The reason for the 
lack of relation between MRD by flow cytometry and PCR 
is unclear. It is possible that low levels of MRD by PCR 
(undetectable by flow cytometry) may not be associated with 
relapse as low levels of disease might be suppressed by sub- 
sequent treatment. We also speculate that fusion transcripts 



might signal the persistence of pre-leukemic cells, or partially 
differentiated leukemic cells with low or no leukemogenic 
potential (Fig. 3). 

Overall, the results of this study indicate the value of 
morphologic monitoring is limited if MRD monitoring by 
flow cytometry is available, and that PCR results, particularly 
those targeting RUNX1-RUNX1T1 and CBFB-MYH11 are 
difficult to interpret, suggesting that these tests should be 
used with caution or not done at all in childhood AML. 

3. Useful methods and time points for routine MRD testing 
in childhood leukemia 

In patients with ALL, flow cytometry and PCR amplifica- 
tion of antigen-receptor genes provide similar results if MRD 
is present at levels of 0.01% or above, and hence the choice 
between these two methods is primarily dictated by the 
facilities and expertise available. In general, flow cytometry 
is more widely available because of its use in many diagnostic 
laboratories for cell marker profiling. The main limitation 
of flow cytometry is the requirement for data interpretation, 
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Follow-up 




Mature morphology 
Normal immunophenotype 
No clonogenic potential 



Fig. 3. Possible scenarios that may explain concordant or discordant 
MRD results by flow cytometry and PCR after chemotherapy. This can 
either be ineffective (top), result in leukemia cell death (middle), or 
induce leukemic cell differentiation (bottom). In the latter case, MRD by 
flow cytometry might be negative, owing to the loss of aberrant 
immunophenotypes but MRD by PCR would be positive as the cells 
retain leukemia fusion transcripts. However, these cells may also lack 
clonogenic potential. 

which in turns relies on the expertise of the operator. In 
this respect, PCR methods are somewhat easier to standardize 
and, typically, the results are easier to interpret. 

In patients with ALL, MRD is usually measured at the 
end of remission induction therapy and at various intervals 
during the post-remission period. The value of extensive 
post-remission monitoring for patients with MRD negative 
results at the end of remission induction is questionable, 
as most MRD-negative patients at this time point will remain 
in long-term remission [11]. Nevertheless, some groups base 
their MRD risk-classification on two time points including 
end of remission induction and post-consolidation [20, 74]. 
It is important to stress that measurements of MRD during 
remission induction therapy can also provide valuable prog- 
nostic information, allowing the simultaneous identification 
of patients with poor or excellent response to initial therapy 
[12, 18, 19, 75, 76]. In patients with T-lineage ALL, MRD 
is equally distributed in blood and in bone marrow [13, 
77]. In these patients, MRD can be monitored in peripheral 
blood. In patients with B-lineage ALL, early MRD measure- 
ments in peripheral blood (e.g., on day 8) may also be pre- 
dictive of outcome [17]. 

Flow cytometry is the only method that can be applied 
to monitor MRD in the majority of patients with AML. 
As discussed above, studies on MRD by PCR amplification 
of fusion transcripts can be used in only a fraction of children 
with AML and results are difficult to interpret. The most 
informative time points are those after the initial blocks 
of remission induction therapy, which allow the identi- 
fication of poor responders and candidates for transplant. 



For patients with either ALL or AML who achieve MRD- 
negativity, conversion to MRD positivity strongly suggests 
the possibility of relapse and should trigger careful monitor- 
ing. A further increase in MRD levels is usually followed 
by overt relapse. Levels of MRD before transplant are strongly 
related to relapse post-transplant. A study analysing the sig- 
nificance of MRD pre-transplant in 190 children with very 
high-risk ALL or AML found that survival probability was 
mostly dependent on MRD levels before transplant in addi- 
tion to whether patients were transplanted in first remission 
or with more advanced disease [31]. In a subsequent analysis 
focusing on 122 children with very-high-risk ALL or AML, 
higher MRD levels at the time of transplant independently 
predicted a poorer survival [78]. Interestingly, the increase 
in risk of death associated with any given level of MRD 
was greater in ALL than in AML, suggesting that a pre-trans- 
plantation reduction of leukemia burden would have a higher 
impact in the former [78]. MRD measurements can also 
be used to trigger retrieval efforts post-transplant, e.g., taper- 
ing immunosuppression, administration of donor lympho- 
cyte infusions, and a second hematopoietic cell transplant. 

Because of its prognostic significance, MRD before trans- 
plant is being increasingly applied to optimize the timing 
of transplant and guide post-transplant management. To this 
end, in a study by Lankester at al. children with ALL who 
were MRD >0.01% before transplant were eligible for early 
tapering of cyclosporine post-transplant as well as to receive 
donor lymphocyte infusions, resulting in an apparent delay 
in the occurrence of relapse, suggesting some leukemia-con- 
trolling effect, although overall event-free survival was not 
superior to that of previous trials [79]. 

4. Considerations for the future 

The introduction of MRD monitoring has transformed 
the way in which patients with acute leukemia are managed. 
MRD results can be applied to most children with ALL 
and AML, and can be delivered in a timely fashion to satisfy 
the requirements for rapid changes in treatment timing and 
intensity [49, 56]. Despite this progress there are areas for 
continuing development. 

Methods to study MRD by flow cytometry are constantly 
being refined by the introduction of new markers [80], which 
take advantage of the capacity of newer instruments to detect 
an increasingly higher number of fluorochromes. Technolo- 
gies relying on mass spectrometry-based detection of ele- 
ments conjugated to antibodies can further increase this capa- 
bility [81]; their utility for MRD detection is yet untested. 
The traditional ways to analyze flow cytometry data are 
clearly inadequate when applied to the amount of infor- 
mation acquired with contemporary instruments and hence 
a parallel development in analytical software must take place. 
To this end, efforts to generate programs that can take full 
advantage of newer technologies and markers are being re- 
ported [82, 83]. An alternative approach to immunopheno- 
typic analysis of MRD, based on high-speed cell imaging 
scanning technology, was also recently proposed [84]. The 
initial data indicate that the method has the potential to 



Korean J Hematol 2012;47:245-54. 



MRD monitoring in childhood leukemia 



251 



identify MRD with a very high sensitivity and ensure that 
the signals detected originate from viable cells. 

The BIOMED-2 Concerted Action BMH4-CT98-3936 
project optimized methods for PCR amplification of IG and 
TCR which are now used by most laboratories that employ 
these methods for MRD studies in childhood ALL [4, 85]. 
A recent advance in this area is the application of high- 
throughput sequencing technology to sequence all antigen- 
receptor gene rearrangements amplified using a panel of 
universal consensus primers [86-88]. This method should 
facilitate molecular MRD studies in ALL and could replace 
current molecular methods. 

The implementation of MRD studies in treatment proto- 
cols requires a strong interaction between MRD specialists 
and pediatric oncologists. MRD studies can be relatively 
expensive compared to routine clinical laboratory tests but, 
in general, their cost is similar to that of other high complex- 
ity tests and, when executed and applied properly, have 
the potential for reducing clinical care costs by improving 
treatment effectiveness. The establishment of regional or 
national expert reference centers which can proficiently per- 
form MRD for multicenter studies can reduce costs by avoid- 
ing erroneous results from less experienced laboratories as 
well as the time-consuming and costly standardization proc- 
ess that is required to ensure homogeneous results when 
multiple laboratories perform the same test. One should also 
make sure that unnecessary procedures and reagents are 
avoided. For example, testing MRD at later time points during 
therapy or off therapy in patients with ALL appears to have 
little informative value unless supported by a clinical suspi- 
cion of relapse, and hence it might be given low priority. 
In addition, flow cytometric testing during remission in- 
duction therapy in patients with B-lineage ALL can be per- 
formed with a reduced number of antibodies, further saving 
costs [89, 90]. 

It seems inevitable that MRD will increasingly be adopted 
as an ehgibility criteria for clinical trials of novel anti-leuke- 
mic therapies and a surrogate marker of response. In this 
context, no changes in MRD levels after exposure to a new 
agent could allow quick shift to different agents or schedules 
and avoid lengthy trials with ineffective agents, ultimately 
rendering Phase II studies more nimble and efficient. 
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